C onsiderable attention is currently being focused on the development of intravascular and intracardiac ultrasound imaging.1-4 Variously termed as "ultrasound angioscopy," "intravascular ultrasound imaging," or "intraluminal ultrasound imaging," this technique basically refers to transthoracic imaging provided the initial impetus for developing intracardiac and intravascular ultrasound imaging probes. With the use of cathetermounted transducers, the feasibility of intracardiac unidirectional imaging, measurement of the dimensions of blood vessels and chambers, and identification of abnormalities such as atrial septal defects were shown in the early sixties.16"7 About a decade later, cross-sectional imaging was attempted with multiple transducer elements mounted on a catheter from which images of cardiac chambers were derived.'8 Although the feasibility of intravascular imaging was illustrated, the interest in this innovative approach faded because of problems in fabricating catheter devices that allowed rapid acquisition of two-dimensional images with high resolution. Further, the original indication became less important as marked improvements occurred in the image quality obtained by transthoracic two-dimensional echocardiography.
Intravascular and Intracardiac
Ultrasound Imaging
An Old Concept, Now on the Road to Reality Natesa G. Pandian, MD C onsiderable attention is currently being focused on the development of intravascular and intracardiac ultrasound imaging.1-4 Variously termed as "ultrasound angioscopy," "intravascular ultrasound imaging," or "intraluminal ultrasound imaging," this technique basically refers to the imaging modality of visualizing blood vessels and cardiac structures by an ultrasound transducer placed at the tip of a catheter or catheterlike probe introduced into the vascular system by an arteriotomy or venotomy and advanced to the See p 873
region of interest. The feasibility of obtaining realtime, two-dimensional images of pulsatile arteries in vivo has been shown recently in intact humans5,6 and animals7-10 and has increased the interest in exploring the potential applications of this technique. In this issue of Circulation, Tobis and coworkers,1" extending their previous work,7,12 report on an elegantly performed in vitro study that points to a potential use of intravascular high-frequency ultrasound imaging in identifying atheromatous plaques in coronary arteries and in assessing the distribution, size, and quality of the atheroma before and after balloon angioplasty.
Various groups are actively investigating other possible applications.26 '8,9"13-15 The concept of imaging cardiovascular structures with catheter-based ultrasound transducers is not new. It was attempted in the early sixties and seventies, but interest waned in later years. What is the need for intravascular and intracardiac ultrasound imaging now? Let us examine the original earlier work, the impetus behind current work, the present developments, and the promise of this imaging technique.
Early Work In the early days of echocardiography, difficulties in obtaining good quality ultrasound signals from
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transthoracic imaging provided the initial impetus for developing intracardiac and intravascular ultrasound imaging probes. With the use of cathetermounted transducers, the feasibility of intracardiac unidirectional imaging, measurement of the dimensions of blood vessels and chambers, and identification of abnormalities such as atrial septal defects were shown in the early sixties.16"7 About a decade later, cross-sectional imaging was attempted with multiple transducer elements mounted on a catheter from which images of cardiac chambers were derived.'8 Although the feasibility of intravascular imaging was illustrated, the interest in this innovative approach faded because of problems in fabricating catheter devices that allowed rapid acquisition of two-dimensional images with high resolution. Further, the original indication became less important as marked improvements occurred in the image quality obtained by transthoracic two-dimensional echocardiography.
Impetus Behind Current Work
The increasing realization that detailed information on the structure of an atherosclerotic arterial lesion is necessary for optimal performance of interventional therapeutic procedures and for prediction of 23 Cross-sectional area and the shape of a coronary stenotic lesion cannot be analyzed in the angiograms. Although thrombi and arterial dissections can be identified, there is considerable ambiguity in the angiographic criteria for their diagnosis. Coronary arteriography does not yield information on the size and composition of the atheromatous plaque or on the structure of the diseased vessel wall. The structure of an atherosclerotic lesion, the arterial wall architecture, and the size and shape of luminal cross-sectional area have important diagnostic and prognostic implications. Complicated coronary lesions, characterized by plaque rupture, plaque hemorrhage, and partially occluding or recanalized thrombus have been found to be more dangerous and more likely to become acutely occluded than uncomplicated lesions. When an interventional procedure such as balloon coronary angioplasty is performed, eccentricity of a coronary lesion is a determinant of the primary success of the procedure and of the incidence of complications. 21 The length of intimal tear or dissection, the degree of stenosis, and crosssectional area after dilatation appear to be independent correlates of ischemic complications after angioplasty. 19 If patients at risk of ischemic complications after angioplasty can be identified, appropriate approaches or devices such as stents can be used in these patients. It is thus desirable, in the assessment of coronary artery disease, to have an imaging technique that compliments arteriography and that provides information on the cross-sectional size and shape of the lumen, site, size, shape, and composition of the atheroma (fatty, fibrous, or calcific plaques), integrity of intimal surface, presence or absence of ulcerations, thickness of the arterial wall, and on the presence or absence of dissection, intimal flap, and thrombus. If this information is available in the diagnostic realm, it would aid in selection of patients for interventional procedures, the choice of optimal interventional procedure, the assessment of the efficacy of the interventional procedure, the detection of complications, and in the stratification of the risk.
One technique that has been evaluated is fiberoptic angioscopy. Through the fiberoptic angioscope, the luminal surface of a vessel, protruding atherosclerotic plaques, intraluminal thrombi, and intimal flaps can In the phased-array system, multiple transducer elements are electronically activated in sequence to produce a two-dimensional image. The ultrasound beam is emitted in an orientation perpendicular to the catheter tip in some systems or with a lookforward angle in some others. The ultrasound probes required for blood vessel imaging need to have higher-frequency (20-40 MHz) transducers, and those for imaging cardiac structures need a relatively lower-frequency (5-20 MHz) transducers. Various catheter designs are being investigated. Some probes require a guiding sheath or catheter, some can be advanced directly, and others are advanced over a guide wire. The images are displayed in a two-dimensional format on a videomonitor in real time and can be recorded on a videotape. Calibration in the display system allows measurements of the vessel structure.
In vitro imaging of blood vessels with these probes has yielded high-resolution circumferential images. In normal vessels, the lumen is seen free of any signal while the arterial wall often exhibits a three-layered appearance with clearest delineation of intima, media, and adventitia obtained in muscular arteries. Systematic comparisons of ultrasound images to morphologic analysis have shown excellent correlations in the measurement of luminal diameter and area and of wall thickness.2 In preliminary reports, in the presence of fibrocalcific or fatty plaques in atheromatous arteries, bright echo signals with various gray scale are noted.5,613 In general, calcific plaques cause the brightest echo reflections. The ability of intravascular ultrasound to assess the site, size, and shape of the plaque and the thickness of the diseased wall has been reported. Changes in the size and shape of the lumen depicted on the intravascular ultrasound image correspond well with morphologic measurements.2,8 Preliminary comparisons with external high-frequency ultrasound and anatomic measurements have indicated that intravascular ultrasound can estimate the degree of cross-sectional area stenosis; intravascular imaging before and after mechanical atherectomy has suggested that the extent of plaque removal and increase in luminal area after the procedure can be gauged.12"13 The present report by Tobis and associates2 further documents the potential value of this imaging technique not only in visualizing the changes in luminal area after an interventional procedure such as balloon angioplasty but also in revealing the mechanism behind such luminal area change.
In vivo investigations using ultrasound catheters in dogs and pigs have shown the feasibility of imaging peripheral and coronary arteries.2'5'7'8 Ability to obtain dynamic images, ease of advancing the catheter while continuously imaging, and the lack of complications have been reported. In addition to visualizing normal vessels, intravascular thrombi and arterial dissections have been identified in vivo.14,15 Following the experience from studies in animals, the catheter has recently been used in humans, retrograde into the femoral and iliac arteries and antegrade into the distal femoral arteries and has yielded circumferential, two-dimensional, dynamic images of these vessels.5'6 This initial experience in humans has shown that regions of atheromatous plaques and arterial stenoses can be identified by this technique. Abnormalities revealed in ultrasound angioscopic images have corresponded well to angiographic sites of arterial disease. It appears that intravascular imaging can detect not only overt lesions in the arterial wall but also abnormalities that may not be recognized on an arteriogram. Studies are now in progress exploring the feasibility and value of intravascular imaging in the coronary circulation of humans.
Intravascular imaging with ultrasound can be extended to visualization of cardiac structures as well. Early attempts using M-mode techniques allowed recording of signals from mitral, aortic, and pulmonic valves and from ventricles and atrium. 26 Recent investigations in animals with the ultrasound catheter have yielded images of aortic, mitral, and pulmonic valves, left ventricular outflow region, right atrium, right ventricular outflow region, and proximal and distal pulmonary arteries.2,5,9'10 Although high-frequency ultrasound catheters may be able to image structures within their range of resolution, probes with relatively lower frequency are needed to image whole valves and chambers. The in vivo experience with intravascular and intracardiac ultrasound, while highly encouraging in general, has also pointed to some of the problems that exist with current instruments being developed and the need for further work in this area.
Future Directions and Potential Applications Intravascular imaging is not yet ready for routine clinical use. At present, it should be considered investigational. Most intravascular ultrasound devices currently being evaluated are prototype catheter probes. Some are usable in vivo whereas others are not. Although in vitro experiments, performed in an optimal setting with careful coaxial positioning of the catheter, allow acquisition of high-resolution images, it is difficult to maintain the catheter in a coaxial orientation inside a pulsatile artery in vivo. Luminal areas are well delineated in vivo, but definition of wall thickness is proving to be difficult.2'5'6 Further miniaturization of the catheter and better tip control are required to image distal portions of a coronary artery. Having not only a side-viewing but also a forward-looking capability would be desirable so that the arterial wall around the catheter tip and the segment immediately in front could be imaged. The image quality provided by current devices is variable. Improved image resolution with better gray scale discrimination and suppression of catheter tip signal artifacts are needed. More work has to be performed in the interpretation of the signals arising from normal and abnormal vessels. For intracardiac imaging, catheter probes with a range of lower frequencies need to be developed. Ideally, they should also have Doppler capabilities to record blood flow velocity. Although there are a number of issues to be addressed, they are within the range of practical solutions. If these improvements in instrumentation are brought to fruition, this imaging approach could have numerous potential applications in humans.3 '27 Using intravascular ultrasound imaging, accurate measurement of luminal area and, thus, the precise degree of cross-sectional area stenosis could be determined in atherosclerotic arterial disease. Composition of the atherosclerotic wall and atheroma could be determined. Complex lesions could be differentiated from uncomplicated lesions and provide diagnostic and prognostic information. Presence of intraluminal thrombi and arterial dissections and intimal flaps could be identified. The information derived from intravascular imaging could aid in the choice, and guide in the performance, of interventional procedures. The effects of an interventional procedure-the degree of luminal dilatation, the extent to which the atheroma had been removed or resected, and resulting thrombi or dissectioncould be gauged. This 
